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FLOW  FIELDS  PRODUCED  BY  EXPLODING  WIRES 

ABSTRACT 

Experimental  evidence  already  reported  suggests  that  the  strong  shock 
waves  produced  by  exploding  fine  cylindrical  wires,  after  an  initial  tran¬ 
sition  phase,  closely  follow  trajectories  of  the  parabolic  type  character¬ 
istic  of  similarity  flows,  otudiod  by  S.  C.  Lin.  Shock  data  obtained  in 

air  at  a  sequence  of  pressures  below  atmospheric  show  large  deviations 
-l/jf 

from  the  p  dependence  on  ambient  density  given  by  Lin;  yet  in  a  limited 
time  interval  indicate  approximately  the  expected  parabolic  shock  tra¬ 
jectories  as  before.  In  view  of  t:,e  work  on  similarity  flows,  of  Guderley, 
v.  Wolzsacker  aud  others,  the  questions  are  discussed  whether  the  data 
may  be  represented  by  other  similarity  flows,  tiian  the  one  prescribed  by 
Lin,  and  whether  there  is  in  t:  e  cylindrical  case  a  convergence  to  a  par¬ 
ticular  01 ov  sr"h  as  is  found  by  numerical  means  for  tne  cane  of  strong 
plane  nr ocks . 


I.  INTRODUCTION 


When  a  fine  cylindrical  wire  is  exploded  into  an  ambient  atmosphere 
by  passage  of  a  heavy  current  pulse,  a  complex  flow  with  closely  cylindri¬ 
cal  symmetry  is  induced  in  the  surrounding  medium.  For  wire  diameters  of 
the  order  0.1  mm  or  less  and  with  available  energies  larger  than  5  joules/cm 
of  wire  length,  one  of  the  most  prominent  features  of  such  a  flow  is  the 
primary  shock  of  a  cylindrical  shock  wave  system  which  is  responsible  for 
the  loud,  sharp  noise  of  the  explosion.  While  the  presence  of  a  head  shock 
wave  has  been  known  for  sometime,  and  a  number  of  authors^  have  studied 

various  aspects  of  shock  phenomena  produced  by  exploding  wires,  it  was  not 

2 

until  the  schlieren,  Kerr-cell  camera,  studies  of  Muller  that  the  presence 
of  both  a  first  and  second  shock  wave  was  established  and  quantitative 
data  made  available  on  the  expanding  fronts  of  the  head  shock,  metal  vapor 
boundary  and  discharge  canal. 

More  recently  the  author  has  been  able  to  study  the  early  stages  of 

3 

shock  and  flow  initiation  through  the  use  of  a  modification  of  the 
rotating-mirror,  streak  camera.  This  method  of  investigation  shows  that, 
for  a  typical  case,  the  shock  and  luminous  boundary  coincide  up  to  about  1 
p  sec  after  which  the  non-lumlnous  shock  traces  out  a  closely  parabolic 
trajectory  for  the  next  2-5  p  sec.  The  luminous  boundary  itself  approxi¬ 
mates  a  smaller  parabola  up  to  5  p  sec.  At  6  p  sec.  frm  the  flash  tip, 
a  sharp  luminous  wedge  appears  which  delineates  the  outward  trajectory  of 
the  oecord  shock  wave  after  reflection  at  the  axis  from  its  earlier  inward 
course . 

Comparison  of  the  experimental  head  shock  trajectory  with  the  para¬ 
bolic  law  given  by  3.  C.  Lin1*  and  A.  Sakumi*  for  the  constant  energy, 
cylindrical  blast  vuve,  allows  a  determination  to  be  made  of  the  apparent 

I -  i 

At  a  slightly  earlier  data  A.  Sakuroi  (see  our  refcWntcc  15)  treated  the 
constant  energy,  similarity  flow  problem  for  spherical,  cylindrical  ar.d 
planar  symmetry  from  a  series  approximation  approach.  His  lowest  order 
approximations  for  spherical  and  cylindrical  symmetry  agree  with  those  of 
Tnylor  (reference  12)  and  Lin  respect! rely .  In  addition  he  prorides  higher 
order  approximations .  Wc  be  arose  avnrc  of  Sakurni's  vork  after  using  Lin's 
solution.  Our  preliminary  checks  of  hiss  second  approximation  will  be 
discussed  below  in  g  ’■ .  . 


energy  release  per  unit  axial  length  at  the  virtual  time  of  initiation 
of  the  shock  found  by  extrapolating  the  parabola-test  plot  back  to  the 
time  axis. 


This  application  of  the  constant  energy  similarity  solution  may  be 
criticized  on  the  grounds  that  the  experimental  energy  release  is  neither 
instantaneous  nor  along  a  line,  but  takes  place  over  a  finite  interval  into 
a  finite  massive  metal  cylinder.  Furthermore  tne  ambient  gas  is  not  perfect 
but  real  and  exhibits  both  relaxation  and  radiation  phenomena.  Finally,  the 
agreement  between  the  experimental  points  and  a  theoretical  parabola  extends 
considerably  beyond  the  time  where  a  consei'vative  estimate  would  credit 
the  shock  with  a  large  enough  Mach  number  (M  >  8)  so  that  the  strong  shock 
conditions  could  hold,  providing  the  ambient  fluid  were  a  perfect  gas. 

Despite  these  objections  to  the  use  of  strong  shock,  similarity  theory, 
the  method  has  a  certain  sue  ess.  Energy  values  derived  from  parabola- 
test  plots  show  that  for  the  vires  producing  the  stronger  shock  waves  about 
half  the  stored  ele  trical.  energy  reappears  as  energy  of  the  flow  behind 
the  shock.  Another  c'%  a-,  be  accounted  for  as  heat  lost  in  the  residua.] 

circuit  resistance.  Up  to  IOIj  may  be  used  in  heating  the  metal  wire 
through  its  transition  points  to  a  temperature  of  several  thousand  ch  jreec. 
This  leaves  It  -  10$  to  N  jfvluei  among  heat  conduction  and  radiation, 
and  flow  phenomena  :o.orr- :  ti  i  with  departures  from  similarity.  Thus  there 
lo  no  crude  violation  of  coun  "/at  fan  of  energy  principle  and  the  Indicated 
energy  within  the  id  ork  is  in  approximate  agreement  with  the  expectations 
derived  for  strong  la.  +  vuve-tt  erurgixed  by  chaaical  explosives  or  other 
means . 


Another  agreement  follows  as  cor cjeq.ienre  of  the  simultaneous  study 

of  1)  energy  imp*~rf«-d  to  ‘nr  aho*>.  *r»-i  .?)  the  damping  conditions  In  the 
exploding  vi:e  cir  ui‘  .  Iv  i »  chowr.  ‘‘a*,  Jo”  n  series  of  copper  vires, 
the  anxiaua  axial  energy  r*  f-nn*  'o  *  •.»  m.o*  &  fbov  does  not  occur  for  the 
ease  wire  that  gives  mlaisus  dossing  Ms*-  in  the  exploding  vlrc  circuit. 
Furf’-rrsore  the  d i  f  f«T*'ri .■*•  1  <* *  ,vm  the  v!.*vi  <  •«  in  the  right  direction 
*■  rig?  ♦  »g-!  '  o  l *•  a  X’  <a*ei  for  by  *  .c  effect  of 
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resistance  in  the  circuit.  Thus  relative  energy  changes  obtained  from  the 
use  of  the  flow  similarity  theory  agree  with  those  obtained  from  the 
electrical  theory  of  the  circuit.  This  correspondence  is  taken  as  strong 
support  for  the  correctness  of  shock  flow  energy  values  measured  fcr  wires 
neighboring  the  one  that  most  rapidly  damps  the  circuit. 

A  deviation  from  the  similarity  law  which  has  been  noted  in  all 
streak  data  from  the  first,  is  u  tendency  for  the  parabola-test  plots  to 
deviate  from  linearity  by  cone:",  ity  upwards.  This  tendency  for  the  later 
points  to  lie  progressively  above  the  linear  fit  to  earlier  data,  was 
first  thought  to  be  connected  with  an  optical  distortion  inherent  in  the 
experimental  technique.^  Later  results^  obtained  by  a  method  free  of  this 
particular  distortion  show  the  same  concavity;  so  it  is  presently  concluded 
that  this  is  a  real  deviation  from  the  parabolic,  similarity  trajectory 
probably  to  be  explained  by  a  closer  theoretical  representation  of  the 
physical  flow,  (see  g 

Because  of  the  simplicity  and  easy  interpretation  of  the  similarity 
flow  theory,  and  its  apparent  success  in  correlating  prominent  aspects  of 
the  flows  produced  by  exploding  wires,  it  is  importa-^.■,  to  delineate  in 
some  netail  the  range  of  flows  and  shock  waves  to  which  this  type  of  analysis 
is  applicable. 

In  the  foi  loving  we  discuss  some  exploratory  experiments  performed 
with  the  end  in  view  of  Investigating  the  density  dependence  of  the  head 
shock  wave  trajectory. 


II  EXPERIMENTAL 


2 . 1  Experimental  Data 

Figure  1  shovs  streak  camera  pictures  of  5-mil  copper  wires  exploded 
into  ambient  room  temperature  air  at  pressures  ranging  from  1  atm  down  to 
l/8  atm.  As  in  the  previous  experiment,  the  stored  enerr  is  118  joules 
at  28  kv  in  a  circuit  with  a  ringing  frequency  of  about  '  me.  The 
electrodes  and  slit  are  enclosed  in  an  eyacuable  bakelite  chamber  fitted 
with  an  optical  glass  window  through  which  the  flash  is  photographed „ 
Pressure  is  determined  to  within  1$  on  a  precision  Wallace  and  Tiernan 
gauge.  Because  the  refractive  effect  of  the  shock  wave  is  difficult  to 
observe  at  low  gas  densities,  a  method,  more  sensitive  than  the  mirror 
baclJLighting  had  to  be  found  in  order  to  study  the  shock  wave  at  pressures 
below  l/5  atm.  A  method  of  linear  streak  backlighting^  has  been  used  to 
<  btain  l/5  atm  and  l/8  atm  pictures  shown  in  two  of  the  panels.  While 
useful  gain  in  sensitivity  results  from  the  linear  streak  technique, 
the  extension  to  lower  pressures  is  hardly  a  factor  of  two. 

General  features  of  the  rotating  mh  ror  photographs  are  so  be  noted 

as  follows.  'Die  shock  wave  whi ch  is  quite  clear  at  1  atm  is  considerably 

less  definite  as  pressure  decreases.  The  luminous  area,  in  the  meantime, 

changes  from  smooth  continuous  luminosity  to  pronounced  streakiness  and 

the  duration  diminishes.  Belov  1/2  atm  no  second  shock  wave  is  visible. 

Moot  of  the  luminosity  is  finally  concentrated  at  l/R  atm  into  t  0  re  -  r 

or  less  symmetrical  bands  or  "wings"  of  light.  It  is  likely  that  at  1/8 

atm  the  wire  expioslo..  '  n  on  the  verge  of  producing  a  moving  plasma  of 

7 

the  type  encountered  by  Bohn  ct.al  at  pressures  below  10  cm  of  mercury. 


The  parabola  test  plot  of  Fig.  2  summarizes  measurements  from  the 
streak  pictures  of  Fig.  1  .  When  (2H)  vs  t  is  plotted  it  is  known 
Hint  o  straight  line  should  reoul  if  the  trajectory  is  that  of  the 


constant  energy  similarity  flow  given  by  Lin.  The 

36  «  1)”  ( K  0  )  where  3  Is  n  'unction  only  of  the 

o 

F  is  axial  energy  release  v^r  cs.  and  c  ir.  the  dens 

o 


slope  of  the  line  is 
*  of  the  ideal  gr.s , 
Ky  of  the  ombi'-nt 


tkXMempxr* .  also  n.r.  nu»ed  to  be  n  perfect  gnr, . 


If  the  axial  energy  release  is  held  constant)  then  one  would  expect 
a  monotonic  increase  in  slope  m  as  density  pQ  decreases.  This  means  that 
the  latus  rectum  of  the  shock  trajectory  should  increase  with  decreasing 
density.  Clearly  no  such  increase  can  be  observed  except  for  l/2  atm  in 
Fig.  1.  The  plot  in  Fig.  2  demonstrates  the  failure  of  slope  to  increase 
monotonically.  It  is  a  fact  worth  noting  that  the  lower  pressure  data 
return  practically  to  the  locus  of  the  1  atm  points . 

The  trajectories  of  Fig.  2  are  all  still  close  to  parabolic  although 

7  ^ 

each  shows  the  concavity  upwards  discussed  earlier.  From  the  slopes 
m  and  measured  pressures,  the  ...xial  shock  energies  have  been  calculated. 
From  these  one  sees  that,  although  the  wire  and  the  available  electrical 
energy  remain  the  same,  the  apparent  energy  communicated  to  the  flow 
decreases  sharply  with  decrease  of  ambient  density  pq. 

Thus  if  we  assumed  at  the  c  i.eot,  that  because  of  our  choice  of  both 

a  particular  wire  and  a  constant  <...1 '  rtrical  energy,  a  fixed  amount  of 

energy  would  be  deposited  in  tin.  n re  and  thence  communicated  to  the  flow, 

a  consequence  of  the  similarity  f1eory  is  the  prediction  that  slopes  values 

-l/2 

should  increase  t a  m  a  p  '  .  ho  experimental  results  show  that  this 

o 

relationship  is  not  obeyed. 

If,  because  of  the  nearly  parabolic  trajectories,  we  choose  to  assume 

that  the  shock  paths  at  low  density  OT'e  those  predicted  by  similarity 

theory,  then  a  consequence  of  th.r  e*>;  umption  is  the  conclusion  that  the 

axial  energy  release  E  is  a  fun^'  on  of  the  ambient  density  p  .  If 

o  o 

further  investigation  bears  out  thl^  oncluslon,  then  vc  hayr*  a  new  fact 
about  the  exploding  wire  phenumer  .  viz.,  the  wire  acts  as  a  transducer 
between  electrical  and  fluid  mechanical  forms  of  energy  and  by  Inference 
its  apparent  resistance  ir:  the  circuit  <  epends  upon  the  density  of  the 
surrounding  medium. 

Other  alt*'rnati veo  arise  if  vr  vnr"  the  initial  assumptions  but  these 
lead  to  more  elaborate  theoretical  :  n-.  -  <jtigntlor.n  which  we  shall 
pursue  at  the  p resen c. 


not 


Ill  DISCUSSION 


J » 1  Deviations  From  Similarity  Flows 

Exploding  wires,  as  already  noted,  can  hardly  be  expected  to  produce 
similarity  flows  because  of  fundamental  differences  between  the  physical 
situation  and  that  represented  by  the  assumptions  of  the  theory.  Never¬ 
theless,  the  shock  waves  from  exploding  wires  do  over  appreciable  inter¬ 
vals  of  space  and  time  behave  like  similarity  flow  shocks.  Two  principal 
deviations  from  the  similarity  flow  predictions  have  been  rioted. 


The  first  is  a  gross  failure  of  the  shock  waves  from  a  fixed  size  of 
wire  supplied  a  fixed  elec*. -leal  energy  to  traverse  parabolae  whose 
b  .-a.  '  h  at  the  latue  rec  turn  increases  as  the  inverse  one-fourth  power  of 
ambient  density.  Comparison  of'  the  low  pressure ,  streak  pictures  of 
Fig.  1  with  the  low  she  k  energy  flash  for  8-mll  copper  previously  published 
shows  similarities  In  share,  short  duration  and  Dick  of  a  luminous  second 
shock.  Tills  e vJ. f trrj'-r  is  r-'-rong  enough  *o  render  highly  probable  the 
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examined  more  closely  to  see  whether  any  interpretation  is  possible  still 

within  the  framework  of  similarity  flow  theory.  The  shock  data  of  Fig.  2 

have  been  re -plotted  using  the  variables  (2R)n  vs  t  in  an  attempt  to  see 

whether  a  general  parabola  with  n  /  2  may  provide  a  better  fit  to  the 

experimental  data.  Fig.  3  shows  the  curves  so  obtained  together  with  the 

values  of  n  employed.  In  each  case  the  entire  curve  is  considerably 

straightened^  and  in  three  cases  the  exponent  is  close  to  5/3,  i.e.  a  t^'^ 

l/2 

power  law  for  the  shock  trajectory  provides  a  better  fit  than  the  t 
law  previously  used.  Plots  of  tno  data  on  log  paper  do  not  permit  of 
much  refinement  in  the  determined,  lo1  o  of  n  but  do  indicate  the  possibility 
that  the  data  lying  below  0.2  p  sec  in  time  ray  in  some  cases  fall  on  a 
different  line  with  considerably  lower  n. 

3.2  Variable  Energy  Similarity  Flows 


Theoretical  justification  for  similarity  flows  with  n  values  other 
than  2,  may  be  found  in  a  paper  by  Guderlev.^  While  the  main  problem 
he  considers  Is  that  of  a  strong  spherical  (or  cylindrical)  shock  con¬ 
verging  toward  the  origin,  his  development  of  the  theory  for  spherical  or 
cylindrical  symmetry  l  perfectly  general.  With  the  assumption  of  a  (l/n)th 
order  parabola  as  the  smock  trajectory  in  tiie  neighborhood  of  the  origin 
and  with  the  strong  smock  relations,  he  is  led  to  introduce  generalized 
similarity  conditions  f jr  th*  entire  flow  behind  the  strong  shock.  These 
scaling  relation  reduce  the  coriuer/ati on  laws  for  muss,  moraentun  ana 
entropy  from  partial  to  ordinary  differential  equations.  After  a  further 
reduction,  based  or.  ui.Trnstonal  analysis,  which  shows  the  solutions  to  be 
functions  of  only  two,  independent  dimensionless  variables,  ho  is  ubdo  to 
examine  the  entire  solution  fioi.1  fur  the  system  ty  study  of  the  solutions 
and  singular  poin*v.  of  a  si.ngr  non-linear,  ordinary  differential  equation. 

One  of  the  resuu'u?  of  t  u  iy  is  the  proof  trait  in  spherical  or  cylindrical 

coordinates  there  is  or.'./  or.r  non- 1  r!  via  1  solution  for  which  trie  particle 

at  the  origin  can  remain  n*  res*  .  Comparison  shown  that  thin  cast  be  the 
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constant  er.org/  solution  four,  by  Taylor  for  t-.e  spnrrio.nl  enne  ’  and  Lin 
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If  the  assumption  of  constant  energy  is  given  up,  then  an  infinity  of 
similarity  solutions  with  a  power  law  dependence  of  energy  addition  on 
time  may  be  found-  For  the  cylindrical  case  these  take  the  form  E  a 
The  constant  energy  case  con  be  approximated  as  closely  as  we  please  by 
time  dependent  solutions  with  n  values  sufficiently  close  to  2.  The 
particular  values,  n  =  5/?»  1°*0,  used  in  Fig.  3  imply  parabolic  energy 
addition  with  t  raised  to  the  O.t  and  0.8  powers  respectively.  Neither 
of  these  is  close  to  constant  energy  release.  Furthermore  it  is  noteworthy 
that  the  generalization  of  our  theoretical  considerations  to  include  siw'- 
larity  flows  with  time  variable,  energy  addition  has  led  us  to  the  point 
where  an  expression  is  available  against  which  an  experimental  check  may 
be  made. 


Through  measurements  ot  current  and  voltage  in  the  exploding  wire 
circuit.,  energy  delivered  to  the  wire  nan  be  obtained  as  a  function  of  time 
and  compared  with  the  power-  lave  dia-ad --ri;  ing  the  variable  energy  addition 
given  by  similarity  theory.  Agreement  of  these  values  would  be  strong 
evidence  thai.  the  flows  lnro;vea  are  ol  the  similarity  type. 


1U 


One  pu/7.1g  f'eu  'ic-"  of  the  uheory  is  4  he  fact  that  for  the  variable 
energy  flows  *  he  par4. MR  a+  the  origin  Is  not  permanently  at  rest.  Symmetry 
cons  Ldeni*  i  one  Irui  trv.t  the  acta,  particles  in  the  real,  exploding 

wire  f'lovs  shou.  i  rtriu In  at  r  a.- id  the  streak  lata  Lndlcate  that  this  is 

apprax.im/1*  e  ly  * '-at- .  Some  i;gh*  I  s  she  i  on  this  question  by  the  study  of 
tsiml  !?•  rl ‘y  1  io-’ii  or  -  1 1  un t - • . oud  ,  s.enier  boil t  s  given  by  Lees  end  Kubota. 

These  nu4  hors  '  ~cn  ■  the  rise  of  a  aienkr  v-ody  of  revolution  for  which 
the  flov  In  acini  dire  Mon  or  \  e  :  •  uf»i  in  roopnrisor.  to  the 
radial  fio»,  i  .«  Mo*  values  .  m.iK  '  c  ti.f  noat  arc  ryv  required.  Thus 
'heir  c-qua*  lot  ere  fur.  none: i*n.  ..y  the  sum-  ns  ’  r.oce  used  by  Guderley  although 
jfi  fiuuc  of  :i  2 !  e -f  r.  «  r.  noVRIon  ami  Baines  it  lea.  approi.'h  il  rec*  cenjparifion 
Is  very  ulff  !c-l*  .  U  •  .«  vrs:  ,\u>v*a  oho-'  Umt  l)  for  oiral  lari  ty  flown  to 
x * » *  •  he  bony  m>*i  t  be  uloi^ar  *o  of  tr.e  shock,  1  .e. ,  botj,  vary 


v‘  t-  r«-  x  I  .•)  at  ;  a  j  1 


Vince  r. 
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2)  the  constant  energy  solution  given  by  m  =  l/2  is  a  singular  solution 
passing  through  a  saddle  point,  which  agrees  in  a  general  way  with 
Guderley's  analysis;  and  3)  similarity  flows  for  bodies  of  positive  slope 
(dE/dt  >0)  exist  for  l/2  4  m  4  1. 

The  point  of  interest  for  our  discussion  is  that  the  fluid  particle  1 
originally  on  the  axis  traverses  the  stream  line  of  the  body  con  our  and 
thus  does  not  remain  at  rest. 

The  existence  of  a  variable  energy  similarity  flow  about  the  exploding 
v’  would  thus  imply  that  the  real  flow  caused  by  the  expanding  wire  vapor 
lies  within  a  particle  path  (surface  of  revolution)  which  has  the  same 
parabolic  law  of  growth  as  the  shock  wave,  and  that  the  flow  of  energy 
across  this  surface  is  the  same  as  would  be  caused  by  on  identical  blunt- 
n^sed,  slender  body  producing  a  flow  of  equal  radial  Mach  number.  This 
interesting  fact  suggests  that  closer  analysis  of  luminous  boundary  paths 
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like  those  measured  in  our  earlier  studies'  }  may  chow  them  to  be  p->  ^.boleiB 
•_th  the  same  power  law  as  the  shock  wave,  both  differing  from  the  m  =  l/2 
constant  energy  case  by  which  they  can  be  approximately  fitted.  Further 
experimental  work  in  this  direction  is  needed. 


3.3  Higher  Order  Approximations 


By  virtue  of  an  analytical  treatment  based  on  series  expansions  with 
the  square  of  reciprocal  shock  Mach  number  as  the  variable,  Sakurai^  is 
able  to  provide  higher  order  approximations  to  the  flow  than  that  given  by 
the  similarity  solutions.  For  the  constant  energy  case,  which  Is  the  only 
one  he  treats,  his  first  two  terms  yield  a  function  for  the  shock  trajectory 
which  is  an  hyperbola  ruther  than  the  parabola  given  by  the  first  approxi¬ 
mation.  In  connection  with  a  preliminary  study  of  shock  data  extending  td 

£ 

10  n  see,  obtained  from  a  5-=ii  copper  wire  ,  vc  have  found  that  the 
difference  between  SoJcurfti'e  second  approximation  and  the  parabolic  oiaJ - 
lari ty  solution  Is  everywhere  lees  than  .  Thus  it  appear g  that  for  the 
ranges  of  data  r.o  far  obtained  r.ot  much  is  to  be  gained  by  preferring  the 
second  approximation  to  the  first. 


5.k  Convergence  of  the  Flows 


We  diseuoF  '  °re;  in  a  speculative  wa y,  two  topics  which  may  conceivably 
be  related  to  convergence  properties  of  the  flow  solution.  The  first  of 
these  has  to  do  with  the  experimental  fact,  revealed  in  Fig.  2,  that  the 
actual  shock  tis.jedV.ries  for  different  ambient  densities  are  not  great  j 
different  from  one  another.  This  is  shown  even  more  strikingly  in  Fig.  3 
where  we  see  that  all  the  points  lie  close  to  a  single  line.  The  separate 
sets  of  experimental  points  actually  are  fitted  by  lines  of  slightly 
differing  slope  and  differing  behaviour  at  the  origin;  nevertheless  the 
plot  gives  the  distinct  impression  that  some  invariant  feature  of  the  flows 
is  being  exhibited.  If  the  shock  trajectories  are  of  the  variable  energy 

l/ 

type  represented  by  R  =  £  t  '  1  where  £  is  the  similarity  constant  for  the 

d  £ 

shock  depending  on  parameters  defining  the  flow  then  the  concordance  of  the 

data  in  Fig.  3  suggests  that  (2R)n/t  =  (2£  )n  is  a  constant  independent  of 

s 

energy  and  density.  In  our  case  its  numerical  value  would  be  about  1.2. 

Thus  a  functional  relationship  of  the  type  n  In  $  =  const,  for  different 

time  dependent  fLows  seems  to  be  implied.  Further  investigation  of  this 
question  will  jvobably  require  extensive  numerical  work;  for  the  variable 
energy  solutions  have  not  teen  obtained  in  analytical  form. 


The  second,  and  probally  related,  item  of  this  discussion  takes  note 
of  the  theoretical  model  of  r  strong,  plane  shock  proposed  by  ven  Weizsacker 
i:j  connect  ion  with  pro! i.enr-  encountered  in  astrophysics,  v.  Weio&acker 
defines  a  prototype ,  Infinite  plane  shock  wave  to  leave  u  similarity  (or 
homology)  type  of  flow  soiutcon  determined  at  i-he  shock  by  the  strong  shock 
conditions.  Hie  other  boundary  is  heur  1  jtically  determined  by  the  condition 
five4'  the  wave  lose  none  of  tin  max  a  over  whit,  it  passes.  This  ve  see 
requires  tha‘  pressure,  and  re  gnidient,  Yiu.irh  sufficiently  far 

behind  ‘he  chO1  k  wave  arc  Indeed  the  statement  Is  made  that  the  wave 
terminates  in  a  vacuum.  The  nusvrlcaJ  eu;  nuatLoa...  of  v.  Wei  stacker  ahov 


Such  an  analysis  is  provided  by  the  work  of  Hafele  who  discusses 

in  detail  the  plane  shock  case  by  recourse  to  a  treatment  modeled  after 

the  one  given  by  Guderley  for  the  spherical  and  cylindrical  eases.  The 

direction  field  and  solutions  in  the  projective  plane  for  the  differential 

equation  representing  the  plane  case  are  quite  different  from  those  given 

by  Guderley.  In  discussing  the  various  possible  solutions,  H&’fele  criticizes 

the  solution  corresponding  to  constant  energy  release  on  a  plane  surface 

at  t  =  t  ,  which  solution  is  contained  in  Sakurai’s  first  paper,  and  rejects 
o 

it  as  unsuitable  because  while  density  vanishes  at  the  origin,  temperature 
becomes  infinite  in  such  a  way  as  to  maintain  pressure  constant.  For  a 
shock  traveling  only  to  the  right  (excluding  the  symmetrical  case  with 
identical  shocks  traveling  in  both  directions),  this  boundary  condition  is 
interpreted  as  implying  a  displacement  of  the  energy  release  plane. 

We  infer  that  it  would  mean  a  leakage  of  mass  in  the  negative  direction, 
and  thus  to  account  for  all  the  energy  'would  require  integration  to  negative 
infinity  after  t  =  0. 


Rejection  of  the  constant  energy  solution  on  grounds  of  unsuitability 
ieavec  only  variable  energy  solutions  to  be  considered.  Of  these,  H&fele 
determines  that  there  is  only  one  which  he  calls  the  "regular  homology 
solution",  which  can  be  adjusted  to  pass  through  the  point  representing  the 
strong  chock  conditions  and  in  addition  behave,  sufficiently  far  behind 
the  shock,  so  that  both  p  and  p  vanish  as  T  becomes  infinite.  For  the 
c°.se  of  air  with  7=7/5  the  ohock  parabola  is  x  =  £  t^’^  and  functions 
for  the  flow  variables  can  be  obtained  explicitly.  It  is  worth  noting 
that  in  this  case  particle  velocity  decreases  linearly  with  distance  behind 
the  shock  front  at  a  given  time  and  for  other  values  of  7  the  decrease  is 
practically  linear. 


In  a  separate  study  Hair,  fend  Koerner"'  examine  numerically  the  effects 
of  perturbing  the  regular  homology  solution  by  arbitrarily  assigned  Initial 
values  of  the  flow  variable!) .  They  investigate  only  the  case  of  astrophyoical 
interest,  vi 7. .  ,  -»  «  r  *>.  Their  results  chew  that  for  a  variety  of 
perturbations,  the  ensuing  flcrvs  converge  with  t  Lse  on  the  regular  homology 
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solution.  Thus  empirical  evidence  is  provided  for  the  stability  of  the 
regular  solution.  Further  analytical  studies^' support  this  conclusion 
subject  to  the  condition  that  the  perturbations  do  not  result  in  the 
formation  of  internal  shock  waves. 

With  these  jjreliminaries  we  return  now  to  the  question  of  a  possible 
connection  between  the  experimental  flows  and  these  theoretical  results. 

A  strong  plane  shock  may  in  principle  be  produced  in  three  different  ways; 
eitl  :r  directly  or  in  the  limit  approached  by  strong  spherical  or  cylindrical 
shocks.  It  is  not  known  theoretically  under  what  conditions,  if  any,  the 
three  flows  so  produced  would  be  the  same,  but  it  may  be  conjectured  not  only 
that  suitable  conditions  exist,  but  also  that  the  flows  so  produced  would 
converge  to  the  regular  homology  solution  of  v.  Weiszaeker  and  Hafele. 

If  tills  conjecture  were  true  then  we  would  expect  the  experimental 
shock  trajectory  with  variable  energy  to  approach  a  0.6  power  law  with 
time,  rather  than  the  2/3  power  law  required  by  the  special  condition  of 
constant  energy. 

'Fie  experimental  data  ol’  Figs.  2  and  3  suggest  that  a  thorough  investi¬ 
gation  of  this  conjecture  may  be  worthwhile;  for  the  several  cases  presented 
seem  to  favor  the  0.6  power  law  rather  than  2/3.  In  the  only  case  where 
data  is  available  out  to  10  u  sec,  viz.  the  1  atm  No.  130  firing,  the  points 
from  3  to  LO  p  sec  fit  the  0.6  parabola  very  closely. 
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